The liver is the major site of both apolipoprotein A-I (apoA-I) synthesis and ATP-binding cassette transporter A1 (ABCA1) expression. Here, we compare the lipidation with cholesterol and phospholipid of newly synthesized human apoA-I (hapoA-I) using adenoviral vector-mediated endogenous expression or exogenously added hapoA-I in wild type and ABCA1-null hepatocytes. 3 H]choline. ABCA1 deficiency decreased apoA-I phospholipidation by 80%, but acquisition of de novo synthesized and exogenous cholesterol only decreased by 40 -60%. The transfer of de novo synthesized cholesterol to apoA-I was decreased at all time points, but that of exogenously delivered cholesterol was independent of ABCA1 activity at the early time points. Progesterone does not affect apoA-I synthesis or its lipidation but inhibited the early phase of apoA-I cholesterol lipidation in both wild type and ABCA1-null hepatocytes. Fast protein liquid chromatography analysis of medium lipoproteins confirmed that with ABCA1 deficiency, the proportion of secreted high density lipoprotein-associated apoA-I and cholesterol decreased by about 50%. The very low density lipoprotein (VLDL)/ LDL size fraction also contained a significant level of cholesterol in ABCA1 deficiency, consistent with the result of immunoprecipitations showing the presence of lipoproteins with both apoA-I and murine apoB. ApoA-I lipidation with newly synthesized cholesterol in ABCA1-null hepatocytes was significantly decreased by brefeldin A and monensin. In conclusion, we demonstrate that: (i) whereas most hepatic phospholipidation of apoA-I is mediated by ABCA1, acquisition of cholesterol depends on active transfer from intracellular compartments by ABCA1-dependent and -independent pathways, both sensitive to progesterone and (ii) there is separate regulation of phospholipid and cholesterol lipidation of apoA-I in hepatocytes.
The ATP-binding cassette transporter protein, ABCA1, 1 is the major determinant of the phospholipid and cholesterol lipidation of apolipoprotein A-I that enables formation of high density lipoprotein (HDL) (1) . ABCA1 has been shown to regulate lipid efflux, and a deficiency in ABCA1, as in Tangier disease, results in nearly undetectable levels of HDL (2) (3) (4) (5) (6) . Macrophages in various tissues are profoundly affected by this disease, first suggesting that ABCA1 function in macrophages was critical for the maintenance of HDL levels in the plasma, as part of the reverse cholesterol transport. However, Haghpassand et al. (7) demonstrated that macrophages account for only 20% of the generation of circulating HDL. ABCA1 (4, 8 -12) and apoA-I (13, 14) are both highly expressed in the liver and intestine, suggesting that ABCA1 contributes to the lipidation of newly secreted lipoproteins in those tissues. Basso et al. (15) used an ABCA1 adenovirus expression system to promote liver expression of ABCA1, thereby raising plasma HDLcholesterol and promoting cholesterol efflux from primary hepatocytes, supporting the role of the liver as a major source of HDL.
As noted by Tall et al. (16) , the importance of ABCA1-mediated lipidation of apoA-I in the liver challenges the concept of reverse cholesterol transport. If apoA-I secreted by hepatocytes enters the circulation in a lipidated form, the cholesterol thus exported by the liver together with apoA-I contributes to the forward cholesterol transport and must subtract from the cholesterol eventually returned to the liver and presumed to be derived from peripheral tissues. Clearly, the nature and composition of apoA-I-containing lipoproteins secreted by the hepatocytes and their quantitative contribution to the pool of circulating HDL require further studies.
Earlier studies of the synthesis and secretion of apoA-I in liver and hepatocytes provided good evidence for the intracellular and pericellular lipidation of apoA-I (17) (18) (19) (20) (21) . Although the formation of lipoproteins with the density of HDL was not observed in well defined subcellular fractions (22) , recent studies supported the notion of intracellular lipidation (23, 24) . However, we have overall a limited knowledge of the process and pathways of HDL assembly in hepatocytes and of the nature of lipoproteins secreted. In primary mouse hepatocytes, we demonstrated that endogenously synthesized apoA-I acquired more phospholipid in an ABCA1-dependent manner than exogenously added apoA-I, therefore indicating that in-tracellular lipidation of apoA-I is greater than pericellular lipidation by the efflux process (25) . We also demonstrated the existence of a limited ABCA1-independent lipidation pathway for newly synthesized apoA-I (25) . Cholesterol lipidation of exogenous apoA-I in hepatocytes was investigated by Sahoo et al. (26) , who showed lipidation of the exogenous apoA-I and increased formation of lipoproteins containing endogenous murine apoA-I. However, the cholesterol lipidation of endogenously synthesized apoA-I has not been evaluated.
Here, we extend our previous studies by comparing the kinetics of cholesterol and phospholipid acquisition by newly synthesized and secreted apoA-I and contrasting it with that of exogenously added apoA-I in primary hepatocytes from wild type and ABCA1Ϫ/Ϫ mice. We also compare the acquisition of cholesterol derived from exogenous sources and endogenously synthesized. The results, recently presented and published in abstract form (27) , show that newly synthesized cholesterol is transferred to apoA-I during secretion in a partially ABCA1-dependent manner. A major transfer of cholesterol also occurs at the cell surface, some of which is independent of ABCA1. Surprisingly, the acquisition of cholesterol by apoA-I is less dependent on ABCA1 activity than its phospholipidation, which provides new evidence for the dissociation of phospholipid and cholesterol transfers by ABCA1. We also analyzed the cellular origin of the cholesterol transferred to apoA-I, which is mostly derived from intracellular pools and depends on active transfer.
EXPERIMENTAL PROCEDURES
3 H]chloride were obtained from PerkinElmer Life Sciences. Williams' Medium E, HepatoZYME-SFM, and antibiotic-antimycotic were purchased from Invitrogen. Rabbit polyclonal anti-human apoA-I antibody was purchased from Calbiochem. Monoclonal antibodies directed against human apoA-I (a combination of 4H1 (against the extreme N terminus) and 5F6 (against the central region)) were described previously (28, 29) and biotinylated with sulfo-NHS-biotin from Pierce. Polyclonal anti-mouse apoB antibody was purchased from Biodesign International. Streptavidin-horseradish peroxidase conjugate and protein G-Sepharose were obtained from Amersham Biosciences. Progesterone (4-pregnene-3, 20-dione), brefeldin A, monensin, and other reagents were obtained from Sigma.
Animals and Primary Hepatocyte Cultures-Wild type C57BL/6J mice were purchased from Jackson Laboratories. ABCA1-deficient mice (a kind gift from Dr. Edward M. Rubin, Department of Energy Joint Genome Institute, Berkeley, CA) have been generated as follows. A 1.65-kb PCR-generated fragment containing abca1 exon 16 was inserted between the phosphoglycerate kinase (PGK) terminator of the PGKNeo cassette and the double PGKtk cassettes of pPN2T at EcoRI and BamHI sites. A 12-kb PCR-generated fragment from intron 22 to exon 30 was then inserted on the PGK promoter side of the PGKneo at blunted XhoI and NotI sites to generate the final targeting vector pAbc1SALA. The Stratagene TaqPlus long PCR system was used for amplification of 12-kb fragments. ESVJ ES cells from Genomesystems were electroporated with NotI-linearized pAbc1SALA and subjected to G418 and 2Ј-fluoro-2Ј-deoxy-1-␤-D-arabinofuranosyl-5-iodouracil (FIAU) selection. Correctly targeted clones were screened by PCR and then confirmed by Southern blotting. Chimeric mice were generated using standard procedures. Chimeric males were bred with C57BL/6J (Charles River Laboratories) to create mice heterozygous for the targeted allele on the 129Sv/C57 mixed background. 129SV/C57 mice have higher baseline HDL levels and are less susceptible to atherosclerosis than the C57BL/6J (30) and, as a result, provide an easier phenotype to detect differences in HDL synthesis and secretion. All mice were maintained on a normal chow diet in a 12-h light/12-h dark schedule and used between the ages of 4 and 6 months. All experiments performed were in accordance with protocols approved by the University of Ottawa Animal Care Committee. Primary hepatocytes were isolated from these mice by liver collagenase perfusion according to the established protocols (31, 32) . Briefly, the cells were plated in fibronectin precoated (25 g/well) 6-well plates at an initial density of 1.5 ϫ 10 6 cells/ well in Williams' Medium E containing penicillin (100 units/ml), streptomycin sulfate (100 units/ml), Fungizone (250 ng/ml), and 10% fetal bovine serum.
Cell Labeling and Adenovirus Infection-Five h following the initial seeding, the cells were washed in Williams' Medium E without serum (2 ϫ 2 ml) and incubated with HepatoZYME-SFM containing antibioticantimycotic, 10 Ci/ml (33) . The following day (24 h), the labeled medium was removed, and the cells were infected for 1 h with either the recombinant adenovector expressing human apoA-I (Ad5-Ad AI) or as control, adeno-luciferase (Ad5-Ad Luc) at a multiplicity of infection of 75:1 plaque-forming units/cell in Williams' Medium E without serum (28, 29) . After 1 h of infection, hepatocytes were incubated for an additional 24 h with original labeling medium as described above. To label the plasma membrane cholesterol pool, hepatocytes were cooled down to 4°C for 1 h on the 3rd day. The medium was replaced by 5 mM methyl-␤ cyclodextrin (m␤CD): [ 3 H]cholesterol (5 Ci/ml) at a molar ratio 8:1 for 3 h at 4°C (34, 35) . After washing three times, the cells were immediately used for efflux assays. the 3rd day, hepatocytes were equilibrated in non-labeled HepatoZYME-SFM for 1 h at 37°C. Following 2 ϫ 2 ml washes in Williams' Medium E, the cells were incubated with non-labeled HepatoZYME-SFM (1 ml/well) in the absence (endogenous apoA-I study) or presence of 5 g of human apoA-I (hapoA-I) (exogenous-apoA-I study). The cells were returned to the 37°C incubator (5% CO 2 ) for the various times, and the efflux medium was subsequently collected at different time points and spun down to pellet any cell debris. All media were analyzed as described below. In some experiments, plasma membrane cholesterol was extracted by treatment with 20 mM m␤CD at 4°C for 15 min. In other experiments, 10 g/ml progesterone, an inhibitor of cholesterol transport from intracellular compartments to the plasma membrane (36 -39) , was added 15 min before and during the efflux period, and the media were analyzed in the same manner.
Distribution of Secreted ApoA-I in the Different Lipoprotein Fractions-The medium from five 6-well plates (30 wells) were pooled and concentrated down to 2 ml with Amicon 10K filter units. The sample was immediately loaded on calibrated Superdex 200 columns connected in series as described previously for isolation of lipoproteins from plasma samples (28) . Very low density lipoprotein (VLDL)-and LDLsized species eluted close to the void volume of the column, whereas HDL particles and smaller very high density lipoprotein (VHDL) fractions containing albumin (7.1 nm diameter) were well separated. Aliquots from each fraction were analyzed for apoA-I by immunoblot analysis following transfer to nitrocellulose with a slot blot apparatus (Bio-Rad Bio-Dot SF unit) as described previously (28) . The concentration of apoA-I in the VLDL/LDL, HDL, and VHDL pools was determined by densitometric scanning (Bio-Rad software, Quantity One, version 4.11). Analysis of medium collected from hepatocytes infected with the Ad Luc was also carried out as negative control for background signal. For comparison, the relative distribution of murine apoB (apoB48 and apoB100) was also measured using the polyclonal antimouse apoB antibody and visualized by chemiluminescence (Pierce West Pico SuperSignal substrate, Pierce) after incubation with horseradish peroxidase-conjugated anti-rabbit IgG.
Immunoprecipitation of ApoA-I-associated Cholesterol and CholinePhospholipids-ApoA-I from hepatocyte medium was immunoprecipitated either directly from the efflux medium or from lipoprotein fractions separated by FPLC. The immunoprecipitations were carried out with a polyclonal anti-human apoA-I antiserum from sheep followed by protein G-Sepharose. An equal volume of an anti-human apoB antiserum from sheep, which does not cross-react with murine apoB, or the efflux medium from time 0 that immunoprecipitated with anti-human apoA-I antiserum from sheep was used as a background control. The immunoprecipitates were collected as described previously (25) . The cholesterol and phospholipid associated with hapoA-I were quantified by scintillation counting.
RESULTS
We have previously provided evidence for the phospholipidation of apoA-I during secretion and post-secretion at the cell surface and shown that most but not all (80%) of this phospholipidation is ABCA1-dependent (25) . Here, our first objective was to compare the kinetics of cholesterol lipidation of apoA-I during secretion in relation to that of phospholipidation. Although [ 3 H]choline labeling allows uniform labeling of phosphatidylcholine and sphingomyelin in cellular membranes, labeling of cholesterol pools varies with methods used to deliver the labeled cholesterol or its precursors. Therefore, we have first evaluated the distribution of label in several models of cellular cholesterol labeling.
Quantification ]choline for labeling of endogenously synthesized cholesterol and phospholipids, respectively. hapoA-I was expressed in the cells by adenoviralvector gene transfer for 24 h, and secretion was monitored for various times after a 1-h equilibration period in non-labeled HepatoZYME-SFM. Media collected at each time point were immunoprecipitated with anti-human apoA-I to quantify the radiolabeled lipids specifically associated with hapoA-I (Fig. 1) .
In ABCA1ϩ/ϩ hepatocytes, the acquisition by hapoA-I of newly synthesized phospholipids (Fig. 1A ) and newly synthesized cholesterol (Fig. 1B ) increased in parallel with time, indicating that newly synthesized apoA-I was secreted with both lipids, although the results did not define where apoA-I acquires these lipids, intracellularly or at the cell surface. Consistent with our previous finding, ABCA1 deficiency resulted in the loss of ϳ80% of phospholipid acquisition by apoA-I at both 4-and 8-h time points. In contrast, ABCA1 deficiency caused only a loss of 40 and 45% in the acquisition of newly synthesized cholesterol by apoA-I at the respective 4-and 8-h time points. The discrepancy between the rates of cholesterol and phospholipid association with apoA-I first suggested the possibility of differential access to lipid pools and second suggested the heterogeneity in labeling of cholesterol pools.
The hepatocytes were then labeled with exogenously supplied cholesterol derived from LDL and m␤CD as indicated previously. As we observed with de novo synthesized cholesterol, in ABCA1 wild type hepatocytes, there was a time-dependent increase of exogenously supplied cholesterol transfer to apoA-I. The data also indicated that with all labeling procedures, the acquisition of cholesterol by newly synthesized and secreted apoA-I was only decreased by 40 -60% in ABCA1 deficiency (Fig. 1, B-D) . However, with exogenous cholesterol labeling delivered by LDL and m␤CD, which preferentially label plasma membrane 61 and 85%, respectively, ABCA1 deficiency had no effect on the early time points of apoA-I cholesterol acquisition, a result not seen with mevalonate-derived cholesterol. This suggests the existence of a pool of cholesterol at the plasma membrane whose transfer to apoA-I is mostly independent of ABCA1. In addition, long term incubation showed the existence of a pathway for cholesterol acquisition by secreted apoA-I that is independent of ABCA1 activity. In these experiments, efflux from m␤CD-labeled cells was limited to 4 h to prevent complete redistribution of plasma membranedelivered cholesterol.
Acquisition of Cholesterol and Phospholipid by Exogenous HapoA-I (exo-apoA-I) in ABCA1ϩ/ϩ and ABCA1Ϫ/Ϫ Hepatocytes-
To further evaluate the cholesterol acquisition by apoA-I after its secretion at the cell surface by interaction with the plasma membrane and the recycling compartment, apoA-I was added exogenously to the cells. As above, the hepatocytes from ABCA1ϩ/ϩ and ABCA1Ϫ/Ϫ mice were labeled with
To allow comparison with the lipidation of endogenously expressed apoA-I driven by adenovector expression, the cells were also infected with Ad Luc. Exogenous human apoA-I was added during the efflux period, and the specific association of lipids was determined by immunoprecipitation (Fig. 2) . The data clearly showed that the hepatocytes also contribute to apoA-I cholesterol acquisition at the cell surface; there was a similar time-dependent transfer of cholesterol derived from all labeling methods (Fig. 2, B , C, and D) to exogenous apoA-I in wild type hepatocytes. Consistent with our previous observations (25) and in parallel to cholesterol, exogenous apoA-I similarly acquired phospholipid in a time-dependent manner in ABCA1 wild type hepatocytes ( Fig. 2A) .
As with newly synthesized apoA-I, ABCA1 deficiency had no effect on the early time points of exogenous apoA-I acquisition of exogenously supplied cholesterol (Fig. 2, C and D) . This was not seen for endogenously synthesized cholesterol derived from mevalonate ( Fig. 2B ) and for endogenously synthesized phospholipid ( Fig. 2A) . Again, ABCA1 deficiency had significantly less effect on apoA-I lipidation by cholesterol, which decreased by 25-50% depending on labeling methods, and by phospholipid, which decreased by 75%.
Effect of ABCA1 Deficiency on Distribution of HapoA-I and Cholesterol in the Lipoprotein Fractions Separated by
FPLC-To evaluate the distribution of apoA-I-containing lipoproteins secreted by the hepatocytes expressing hapoA-I, efflux media were collected at 4 h, concentrated, and fractionated by FPLC. Fractions corresponding to VLDL/LDL, HDL, and VHDL were collected based on the distribution of markers (murine apoB and human apoA-I). The distribution of immunoreactive human apoA-I in these fractions was quantified by slot blot analysis (Fig. 3A) . In ABCA1ϩ/ϩ hepatocytes, there was a large amount of secreted apoA-I associated with the HDL fraction, and a smaller but significant proportion was found in the VLDL/LDL size fraction. These results are consistent with previous observations in monkey hepatocytes (43) . In ABCA1Ϫ/Ϫ hepatocytes, there was a significant decrease of apoA-I associated with the HDL fraction and a concomitant increase in the VHDL fraction when compared with control hepatocytes. However, large proportions of the total apoA-I were still associated with the VLDL/ LDL and HDL fractions in ABCA1 deficiency. These values are higher than those we reported earlier (25) , a difference related to the mice strain backgrounds. Quantification of [ 3 H]cholesterol associated with immunoprecipitated apoA-I in the different lipoprotein fractions (Fig.  3B) showed that most cholesterol was found in the HDL size fraction, demonstrating the secretion of cholesterol-containing and large apoA-I-lipoproteins from wild type hepatocytes. Noteworthy was the significant proportion of labeled cholesterol associated with VHDL apoA-I in ABCA1ϩ/ϩ hepatocytes, On the 2nd day, hepatocytes were infected with Ad AI for 1 h in Williams' Medium E without serum and then switched to the original labeling media for anther 24 h. The 3rd day, after a 1-h equilibration, cells were allowed to efflux in 1 ml/well in non-labeled HepatoZYME-SFM. Media containing newly secreted apoA-I were collected at each time point and immunoprecipitated with anti-human apoA-I and then subjected to scintillation counting. All of the values shown were determined by subtracting the background value of time 0 or the value from immunoprecipitation with anti-human apoB. Newly synthesized apoA-I associated with were isolated and labeled as in Fig. 1 . On the 2nd day, cells were infected with Ad Luc for 1 h in Williams' Medium E without serum and then switched to original labeling media for another 24 h as in Fig.  1 . On the 3rd day, efflux was monitored in HepatoZYME-SFM in the presence of 5 g of hapoA-I. Media were collected at each time point and analyzed in the same manner as in Fig. 1 a fraction representing the small pre␤-apoA-I lipoproteins. Although the [ 3 H]cholesterol content decreased significantly in both HDL and VHDL fractions in ABCA1-deficient hepatocytes, it is important to note that the HDL secreted by ABCA1Ϫ/Ϫ hepatocytes still contained a significant amount of labeled cholesterol (Fig. 3B) .
The increase in apoA-I-associated [ 3 H]cholesterol in the VLDL/LDL fraction in ABCA1Ϫ/Ϫ, when compared with control hepatocytes, is in agreement with the recent reports of Sahoo et al. (26) and Sniderman et al. (44) , which demonstrate a regulatory pool of cholesterol in hepatocytes that is shared for the formation of both VLDL and HDL. Immunoprecipitations of the total efflux media from [ 3 H]cholesterol-LDL-labeled hepatocytes with anti-human apoA-I, anti-murine apoB, or antimurine apoE showed as expected that apoB-containing lipoproteins were major exporters of cholesterol followed by apoA-I and apoE (Fig. 3C) . The immunoprecipitates obtained with anti-apoA-I were analyzed by slot blot assays with anti-apoB (Fig. 3D) , which demonstrated the presence of murine apoB in the anti-apoA-I immunoprecipitate. This reflected the secretion of lipoproteins containing both apolipoproteins in both control and ABCA1-null hepatocytes.
Progesterone Caused Significant Inhibition of HapoA-I Cholesterol-LDL Acquisition but Not Phospholipid Acquisition in C57B Hepatocytes-The difference in kinetics of apoA-I lipidation by cholesterol derived from endogenous synthesis or from exogenous delivery suggested heterogeneity in origin and transfer from cholesterol pools. To identify the contribution of other pathways to the cholesterol lipidation of apoA-I and to define the pools of cholesterol transferred to apoA-I during secretion, we labeled the hepatocytes with either which specific pathways are inhibited. Progesterone has been shown to inhibit cholesterol transport from intracellular compartments to the plasma membrane, and in particular, the transport from late endosome and/or lysosome to plasma membrane, subsequently causing cholesterol accumulation in the late endosome and/or lysosome (36, 37) . Hepatocytes were infected with Ad AI for 1 h and incubated for 24 h as indicated previously. Progesterone (10 g/ml) was preincubated with the cells for 15 min, and then secretion was monitored for a 4-h efflux in the presence of progesterone. Western blots of cell lysates and efflux media showed that progesterone had no effect on either the expression or the secretion of apoA-I (Fig. 4, D and E) .
Control hepatocytes were labeled with [ 3 H]cholesterol-LDL or [ 3 H]choline, infected with either Ad A-I or Ad Luc and treated with progesterone as indicated above. Four-hour efflux media were collected and immunoprecipitated for apoA-I. ApoA-I-associated cholesterol, corrected for the Ad Luc nonspecific effect, was significantly decreased after progesterone treatment, and further treatment of cells with m␤CD for 15 min at 4°C caused additional significant decrease (Fig. 4A) . In contrast, progesterone did not inhibit apoA-I phospholipid acquisition (Fig. 4B) . Taken together, these results indicate that acquisition of cholesterol by apoA-I depends on the active transfer from intracellular compartments to plasma membrane via a process dissociable from phospholipid transport.
To test the reversibility of progesterone-induced cholesterol accumulation and subsequent inhibition of apoA-I cholesterol acquisition, hepatocytes were infected with Ad AI and treated with progesterone for 4 h, as in other experiments. When the progesterone-treated cells were washed and incubated for efflux for another 4 h in the absence of progesterone, apoA-I D.) . C, contribution of apoA-I, apoB, and apoE to the export of cholesterol-containing lipoproteins. Four-hour efflux media were immunoprecipitated with anti-human apoA-I and anti-murine apoB and apoE (mapoB and mapoE, respectively) and then counted. CTL, control. D, immunoblot analysis of murine apoB. Four-hour efflux media were immunoprecipitated (IP) with control, non-immune, antibody, or anti-human apoA-I antibody. As a positive control, the media were probed for secretion of mouse apoB.
cholesterol acquisition was totally recovered (Fig. 4C ). This result, consistent with other studies, indicates that the inhibition of cholesterol trafficking by progesterone is reversible.
Progesterone Inhibited HapoA-I Cholesterol Acquisition in Both ABCA1ϩ/ϩ and ABCA1Ϫ/Ϫ Hepatocytes-To define the origin of the cholesterol pool secreted with apoA-I in the ABCA1-independent pathway, we labeled both ABCA1ϩ/ϩ and ABCA1Ϫ/Ϫ hepatocytes with either [
3 H]cholesterol-LDL or [ 3 H]mevalonate. The cells were infected with Ad AI or Ad Luc, and the effect of progesterone on the apoA-I cholesterol acquisition was analyzed as described above. Progesterone significantly inhibited apoA-I cholesterol acquisition in both wild type and ABCA1-deficient hepatocytes, and this effect was observed both with cholesterol derived from LDL and with cholesterol derived from de novo synthesis (Fig. 5, A and B) . However, it is clear that progesterone had a greater effect on newly synthesized cholesterol secretion in ABCA1-deficient hepatocytes. These results further support the existence of an ABCA1-independent but progesterone-sensitive pathway for apoA-I cholesterol acquisition in hepatocytes that is dependent on active transfer between cholesterol compartments. Again, progesterone did not affect apoA-I phospholipid acquisition in either ABCA1ϩ/ϩ or ABCA1Ϫ/Ϫ hepatocytes (Fig. 5D) .
To evaluate the sensitivity of early and late phases of cholesterol efflux to progesterone, we included a progesterone preincubation (1 h) immediately after the removal of the labeling medium and before the start of the efflux assay (zero time). Under these conditions, the early phase of cholesterol efflux from ABCA1Ϫ/Ϫ cells was markedly reduced by progesterone, and, most interestingly, the residual efflux (ABCA1-independent) was the same as that from control cells treated with progesterone (Fig. 5C) . At 4 h, the efflux from control cells treated with progesterone, but not that from ABCA1Ϫ/Ϫ cells, increased significantly, demonstrating that ABCA1 acts as a cholesterol transporter independently of a progesterone block. At 8 h, efflux from ABCA1Ϫ/Ϫ cells started to increase, an effect that we attribute to the leakiness of the progesterone block with time. This experiment thus identifies three control levels for cholesterol efflux, one dependent on a progesteronesensitive transport, one independent of progesterone but ABCA1-dependent, and finally, one independent of both ABCA1 and progesterone (Fig. 5C) .
Both Brefeldin A and Monensin Inhibited Exo-ApoA-I Acquisition of [ 3 H]Mevalonate in ABCA1Ϫ/Ϫ Hepatocytes-Brefeldin A (BFA), which inhibits vesicle formation by reversible disassembly of the Golgi complex, and monensin, which is an inhibitor of trans-Golgi apparatus function, have been reported to block both ABCA1-dependent efflux (45) and diffusional efflux (46) . Here, we tested their effects on cholesterol acquisition by exogenous apoA-I in ABCA1Ϫ/Ϫ hepatocytes. ABCA1Ϫ/Ϫ hepatocytes were isolated and labeled with [ 3 H]mevalonate, and on the 2nd day, they were infected with Ad Luc. Hepatocytes were preincubated with 5 M BFA or 20 M monensin for 15 min prior to efflux, and then efflux assays were conducted in the presence of BFA or monensin and 5 g/ml exogenous apoA-I for 4 h. The media were collected and analyzed as described previously. The result (Fig. 6) Luc as a control (CTL) ). The 4-h efflux was carried out in the presence or absence of progesterone (10 g/ml). To determine apoA-I-specific lipid association, the background value from cells infected with Ad Luc were subtracted. In some conditions in panels A and B, cells were pretreated with 20 mM m␤CD at 4°C for 15 min before the efflux. A, the effect of progesterone on apoA-I [ 3 H]cholesterol acquisition. B, the effect of progesterone on apoA-I [ 3 H]phospholipid acquisition. C, the reversibility of progesterone-induced inhibition of apoA-I cholesterol acquisition was analyzed by removing the progesterone and allowing cells to efflux for another 4 h. Results are presented as the mean values for three separate experiments (ϮS.D.). D, the effect of progesterone on newly synthesized apoA-I. Hepatocyte cell lysate was analyzed by Western blot following transfer to nitrocellulose and quantified by densitometric scanning. E, the effect of progesterone on the secretion of newly synthesized apoA-I. ApoA-I-containing media were analyzed by slot blot and quantified by densitometric scanning.
apoA-I cholesterol acquisition in ABCA1-deficient hepatocytes. As expected from the literature, the inhibition caused by BFA was reversible. DISCUSSION We have shown here that hepatocytes secrete lipidated apoA-I-containing lipoprotein particles that contain both phospholipids and cholesterol. One of our aims was to identify the origin of cholesterol transferred to apoA-I and understand the relationship of cholesterol and phospholipid transfers. For that purpose, a simplified model for cellular cholesterol distribution classified into plasma membrane, recycling endosome, and other intracellular pools has been estimated by differential accessibility to m␤CD. Although newly synthesized cholesterol predominantly associates (58%) with intracellular compartments that are not accessible to m␤CD at 4°C, a majority of the exogenously delivered cholesterol remains associated with the plasma membrane (61 and 85% for [ 3 H]cholesterol-LDL and [ 3 H]cholesterol-m␤CD, respectively), in good general agreement with the data from the literature (47, 48) . This allows us to infer that both newly synthesized and secreted apoA-I acquire mostly intracellular cholesterol because the endogenous apoA-I acquires more newly synthesized cholesterol than exogenously added apoA-I (compare Figs. 1B and 2B), whereas both endogenous and exogenous apoA-I acquire the same proportion of exogenously delivered cholesterol (compare Figs. 1C and 2C and Figs. 1D and 2D) . Therefore, in the hepatocyte, newly synthesized apoA-I acquires cholesterol molecules during secretion, primarily intracellularly and secondarily at the cell surface. This contrasts with exogenous apoA-I, which as expected acquires cholesterol mostly at the cell surface. Thus, the same pool of cell surface cholesterol (located at the plasma membrane and the recycling endosome compartment), the efflux of which is mediated by ABCA1 (45, 49, 50 ), appears to be used by both endogenous and exogenous apoA-I.
In ABCA1 deficiency, the hepatocyte also secretes lipidated apoA-I particles that contain both phospholipids and cholesterol, but the proportion of lipidated apoA-I is decreased (Fig.  3 ). In keeping with our previous observations (25) , the ABCA1Ϫ/Ϫ hepatocytes secrete apoA-I with about 85% less phospholipids (Fig. 1A) but only 40% less newly synthesized cholesterol (Fig. 1B) . This surprising result is corroborated by the similar decreases observed with exogenously delivered cholesterol, which range from 50 to 60% (Fig. 1, C and D) . A similar picture also emerges for the cholesterol acquisition by exogenous apoA-I (Fig. 2) . We must therefore conclude that cholesterol transfer to apoA-I can occur independent of ABCA1 activity. In the absence of ABCA1, the remaining basal phospholipid transfer activity at 15% of control is sufficient to elicit 50% or more of the normal cholesterol transfer. The mechanisms for cholesterol transfer under these conditions remain unclear, but diffusional transfer and/or microsolubilization may take place, driven by the secretion and formation of an apoA-I/phospholipid complex (51) (52) (53) .
Two ABCA1-mediated transfer mechanisms have been suggested: the simultaneous or the sequential/two-step transfer of phospholipids and cholesterol to apoA-I (54 -56). Our results support the latter and suggest that cholesterol transfer may be secondary to phospholipid transfer but not necessarily linked to ABCA1 activity. This is also compatible with the independent regulation of cholesterol and phospholipid efflux (57) (58) (59) as shown with stimulators and inhibitors of cholesterol efflux that have no effect on phospholipid efflux.
If both ABCA1-dependent and -independent transfer of cholesterol are occurring in excess of phospholipid transfer, what controls the availability of transferred cholesterol? Some of the cholesterol transferred by ABCA1 has been shown to be mobilized from late endosomes in a process controlled by cell surface binding of apoA-I (50) and following protein kinase C activation (59) . As well, a number of cholesterol transporters, such as STAR proteins, SCP2, caveolin-1, and OSBP (60 -64), have been described that can contribute to delivery in this cell surface pool. The intracellular transport of cholesterol is complex and impacts on cellular cholesterol homeostasis and export. Progesterone is known to interrupt cholesterol transport from the endoplasmic reticulum (60) and from the plasma membrane to the endoplasmic reticulum (37) and transport from late endosomes-lysosomes to the plasma membrane (36, 38) . It also impairs the acquisition by newly synthesized apoA-I of exogenously derived cholesterol (65) (Fig. 4) . However, the progesterone effect is partial (about 60% inhibition) and additive to the effect of m␤CD, which is compatible with the observation that secreted apoA-I is lipidated with cholesterol derived from both intracellular and cell surface pools. When the cells are labeled with mevalonate, progesterone inhibits cholesterol transfer to apoA-I by 80% in keeping with its block on transport of newly synthesized cholesterol from endoplasmic reticulum to plasma membrane (60, 65) . Preincubation of the cells with progesterone demonstrated that apoA-I lipidation with cholesterol depended on transport events that are progesterone-sensitive and progesterone-insensitive but ABCA1-dependent (Fig. 5C) .
BFA, as well as monensin, significantly affected exo-apoA-I mevalonate-derived cholesterol acquisition in ABCA1-deficient hepatocytes (Fig. 6) , indicating that vesicular transport of intracellular cholesterol plays an important role in mediating the ABCA1-independent pathway for apoA-I cholesterol lipidation. Previous studies have provided evidence for different transport of cholesterol and phospholipid from the endoplasmic reticulum to the plasma membrane. Cholesterol transport is energy-dependent and temperature-sensitive and requires vesicular transport (66) , whereas phospholipid transport is not mediated by vesicles and independent of energy and temperature (67) . Other studies from DeGrella and Simoni (68) and Urbani and Simoni (69) also reported that ATP depletion or low temperature inhibit rapid endoplasmic reticulum to plasma membrane cholesterol transport. Therefore, it is not surprising that apoA-I acquires cholesterol and phospholipid by different mechanisms and/or pathways.
We have previously shown that when compared with wild type, ABCA1Ϫ/Ϫ hepatocytes secrete fewer but qualitatively similar apoA-I-containing lipoproteins that include large particles of about 17 nm, HDL size particles of 8 -10 nm, and small particles of about 7 nm (25) . Here, we demonstrate that most of the cholesterol associated with these particles resides in the HDL size fraction (Fig. 3) . It follows that in the absence of ABCA1, normal apoA-I particles are formed and that the size and composition of the lipoprotein formed is dictated by apoA-I structure. This concept is in keeping with a large body of knowledge derived from in vitro experiments that linked the structure of apoA-I and other exchangeable apolipoproteins (70 -77) to their ability to associate with lipids and form stable lipoproteins. The concept that apoA-I structure drives the formation of specific lipoprotein particles with a defined molar ratio of apolipoprotein and lipids differs from the recent report that ABCA1 oligomers control the formation of lipoprotein particles containing four apoA-I molecules (78) . Recently, Tsujita et al. (79) reported that ABCA1-deficient mice did not produce HDL, and HepG2 cells treated with probucol secreted mostly a lipid-free form of apoA-I. However, the lack of apoA-I immunoprecipitation in this study made the definition of its degree of lipidation less accurate. An antibody selective for lipid-free apoA-I, although interaction with partially lipidated apoA-I was not excluded, was also shown to block both phospholipid and cholesterol lipidation of apoA-I. This was taken to demonstrate cell surface lipidation of apoA-I (79). However, the antibody can be endocytosed and recycled in the recycling and late endosomes. As such, it does not demonstrate exclusive lipidation at the cell surface. Our results do not eliminate the possible contribution of a secretion and recapture pathway but concur with previous studies with chicken (18 -20) or rat (17) hepatocytes that demonstrated the intracellular lipidation of apoA-I and with studies with HepG2 cells (24) showing that intracellular and extracellular lipidation of apoA-I both occur to form buoyant HDL particles.
We observed that a significant amount of apoA-I was secreted in the VLDL/LDL fraction in wild type and ABCA1Ϫ/Ϫ hepatocytes (Fig. 3A) , in keeping with earlier reports of apoA-I association with newly synthesized VLDL (80, 81) . We corroborated these observations with immunoprecipitation of newly secreted lipoproteins with antibodies to human apoA-I and with slot blots of the immunoprecipitates with anti-murine apoB (Fig. 3C, D) . Furthermore, in ABCA1 deficiency, the amount of [ 3 H]cholesterol associated with VLDL/LDL fraction was increased when compared with control hepatocytes (Fig.  3B ). HDL and apoB-containing VLDL may share the same regulatory pool of cholesterol. Previous studies have shown that inhibition of hydroxymethylglutaryl-CoA reductase also inhibited VLDL secretion in cultured hepatocytes (82, 83) . Cholesterol availability thus appears to be an important determinant of VLDL secretion, and depletion of the regulatory pool of cholesterol by apoA-I made less cholesterol available for VLDL synthesis and secretion (26, 44) .
The liver is the major site of both apoA-I (13, 14) and ABCA1 (4, 8 -12) synthesis, making it also a major contributor of HDL cholesterol. Our studies clearly document the contribution of the hepatocytes to the secretion of cholesterol-containing apoA-I particles and thus its contribution to the genesis of the HDL cholesterol pool. This challenges and dampens the traditional notion of reverse cholesterol transport from peripheral cells to the liver via HDL (84) The knowledge of the sites and control of ABCA1 expression has already prompted the discussion of the concept of reverse cholesterol transport (16) . Intriguingly, the HDL level appears to have no relation to net flux of cholesterol through HDL (85) .
In conclusion, our study demonstrated that in primary mouse hepatocytes, newly synthesized apoA-I acquires cholesterol and phospholipid during secretion as well at the plasma membrane. ApoA-I cholesterol acquisition operates by both ABCA1-dependent and -independent pathways, both depend-ing on active transfer from intracellular compartments. These transfers include both progesterone-sensitive transport and an ABCA1-dependent transport that is insensitive to progesterone. There is more cholesterol than phospholipid acquired by apoA-I independent of ABCA1 activity. Cholesterol is acquired by apoA-I, mainly from intracellular pools for endogenously expressed apoA-I and mainly at the cell surface for exogenous apoA-I. Finally, the lipidation of apoA-I with cholesterol and phospholipid is controlled through different pathways and/or occurs through independent mechanisms. Our future work will be to identify the subcellular localization of apoA-I lipidation and to evaluate the contribution of hepatic ABCA1 in apoA-I lipidation at these compartments.
